SUMMARY Regional cerebral blood flow, oxygen utilisation, fractional oxygen extraction, and cerebral blood volume were measured by positron emission tomography in twelve patients with carotid artery occlusion. Follow-up studies were carried out at a mean interval of eleven weeks after extracranial-intracranial bypass surgery. Clinical improvement was observed in three patients who had presented with frequent transient ischaemic attacks. One patient with multiple vascular occlusions suffered a stroke at the time of surgery. Follow-up studies showed an increase of regional cerebral blood flow in only two of the twelve patients. In the group as a whole, there was no significant change of cerebral blood flow, oxygen consumption or fractional oxygen extraction after bypass surgery. The most consistent post-operative change, observed in eleven of the twelve patients, was a fall of cerebral blood volume in the cortical territory of the bypassed carotid artery (p < 0-01). This effect was most marked in patients with bilateral carotid occlusion, in whom there was often an accompanying fall of blood volume in the contralateral hemisphere. The post-operative findings were consistent with an increase of regional cerebral perfusion pressure as a result of the bypass procedure. Although this effect is potentially of value, those patients with most to gain from bypass surgery may also run the highest risk of peri-operative cerebral ischaemia.
(EC-IC) bypass surgery in the early 1970s,3 4 the scope for surgical intervention has widened to include a large population of patients with inaccessible or otherwise inoperable lesions within the carotid arterial system. It is well established that occlusive carotid disease is associated with a substantial risk of stroke in the ipsilateral cerebral hemisphere, even in those patients who have survived a complete internal carotid occlusion with little or no neurological deficit.5-' The incidence of later cerebral infarction in such cases ranges from 2-5% to 8% per annum, ischaemic events occur twice as often in the territory of the occluded vessel as in the contralateral hemisphere. 10 11 13 On theoretical grounds, surgical bypass of the obstructive lesion, by means of a superficial temporal to middle cerebral arterial anastomosis, could prevent the development of late cerebral infarction distal to an occluded carotid artery. The procedure is most likely to be of benefit when the patient's existing collateral circulation is inadequate to maintain normal cerebral perfusion, such that continuing ischaemic symptoms result from a haemodynamic mechanism rather than embolism. However, it has also been suggested that a protective effect against the ischaemic damage caused by emboli might be an important factor in some cases. '4-16 Occasional anecdotal reports have described striking resolution of neurological deficits after EC-IC bypass surgery.'17-9 However, many large clinical series have included no such cases, and it is generally accepted that the main purpose of the bypass procedure is to prevent further ischaemic events in a high Cerebral haemodynamic changes after extracranial-intracranial bypass surgery risk population. 14 15 Whether it does so remains a matter of debate. Recent data from a centre with extensive experience of the procedure suggest that if anything, medically treated patients may do better than those undergoing bypass surgery.20 This impression was confirmed by the recently published results of the International EC-IC bypass Study,2' 22 which showed that the overall incidence of stroke was higher in patients subjected to bypass surgery than in the matched control population. Furthermore, amongst the patients in the surgical group who did particularly badly were those with continuing transient ischaemic attacks in the territory of a completely occluded carotid artery. Whilst this finding raises serious doubts about the value of the procedure, there may still be a small subgroup of patients with critically reduced cerebral perfusion pressure in whom surgical intervention should be considered. It is in this area of uncertainty that the findings of a large clinical trial may be complemented by the results of carefully conducted physiological studies in a relatively small number of patients.
Previous studies of cerebral blood flow before and after EC-IC bypass have produced disparate results. 6 [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Most investigators have observed only modest rises of blood flow in a minority of patients studied, the change being often a transient phenomenon which is no longer demonstrable 3 or 4 months after the procedure.27 29 32 Some authors have suggested that a measurement of cerebral circulatory reserve, as judged by the capacity to increase blood flow in response to inhaled carbon dioxide, may be a more useful haemodynamic index than the level of blood flow itself.26 31 33 More recent studies using positron emission tomography (PET) have enabled measurements to be made not only of cerebral blood flow, but also of the metabolic demands of the brain, as reflected by regional oxygen consumption.3435 It has been shown that there are some patients with occlusive carotid artery disease in whom cerebral blood flow is inappropriately low in relation to the oxygen requirements of surviving brain.16 25 36 37 This critical haemodynamic state is characterised by a compensatory rise of fractional oxygen extraction (normally less than 50%), which maintains oxygen delivery to the tissues in the face of the reduced blood supply. A small number of patients have been reported in whom EC-IC bypass surgery was followed by restoration of blood flow and a fall to normal levels of a previously raised oxygen extraction ratio.16 25 Even when cerebral blood flow is still appropriately matched to metabolic demands, reduction of cerebral circulatory reserve may be evident as a regional increase of cerebral blood volume, consistent with focal vasodilatation in response to diminished cerebral perfusion pressure.36 37 Analysis of the relationship between blood flow, blood volume and oxygen extraction has suggested that the ratio ofcerebral blood flow to blood volume (a reflection of mean flow velocity) provides a more sensitive index of cerebral perfusion pressure than either variable considered alone. 36 38 In view of the apparently minor and inconsistent effect of bypass surgery of cerebral blood flow, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] this study was carried out to establish whether other physiological variables, in particular the cerebral blood volume, might provide more information about the haemodynamic effect of the procedure. (fig 3) .
The most consistent physiological change after bypass surgery was observed in the cerebral blood volume, which showed a fall on the side of the procedure in eleven of the twelve patients (fig2). The change of CBV was very small in three of these cases (4-9%) but ranged from 16% to 36% in the other eight patients. The most marked reductions of CBV were observed in three patients with bilateral Gibbs, Wise, Thomas, Mansfield, Ross Russell occlusive lesions (cases 2, 4 and 12, mean fall of 29.7%) and in the three patients with unilateral lesions who had frequent, posturally-induced TIAs (cases 6, 10 and 11, mean fall of 19-7%). There was a post-operative rise of CBV in only one patient (case 1), by a factor of 24% on the side of the bypass and by 14% in the contralateral hemisphere. As noted above, this was the single patient in whom there was also a substantial rise of both CBF and CMRO2 after the procedure.
Changes of CBV in the contralateral hemisphere were generally less marked than on the side of the bypass procedure, but an interesting pattern was apparent. Differences of less than 15% were noted in eight cases, a modest fall in five and a slight rise in three. A more marked fall of CBV occurred in the other three patients (cases 2, 4 and 12), all of whom had had substantially elevated CBV in both hemispheres on their pre-operative studies (fig 2) . Two of these patients had complete bilateral carotid occlusion and the third (case 2) had severe carotid stenosis on one side and complete occlusion on the other. In the group as a whole there was a mean post-operative fall of CBV in both cerebral hemispheres, which on the operated side was statistically significant (p < 0-01, see fig 3) .
The changes of CBF and CBV after surgery were such that the ratio CBF/CBV rose post-operatively in all thirteen of the operated hemispheres (p < 0-001, fig3) and in seven of the eleven contralateral hemispheres (p < 0-05). The individual pre-and postoperative values of CBF/CBV are illustrated in fig4.
Values of the four variables and the CBF/CBV ratio from the subcortical cerebral regions are summarised in table 3. In general, the post-operative changes ran in parallel with those in the superficial MCA regions but were less marked. Again the most consistent trend was observed in the CBV values, which fell after surgery in ten of the thirteen operated hemispheres.
Cerebral haemodynamic changes after extracranial-intracranial bypass surgery However, the degree of change in these deeper cerebral regions was relatively small and did not achieve statistical significance for the group as a whole. As in the cortical regions, mean CBF and CMRO2 remained unchanged, and a slight reduction of mean OER was accounted for by moderate falls in a few patients with raised pre-operative values (cases 4, 6 and 8).
Discussion
In accordance with the findings in several previous studies,16 23 32 only a small minority of the patients presented here showed an increase of cerebral blood flow after EC-IC bypass surgery. This was not unexpected, however, since pre-operative blood flow in the majority of cases was appropriate for cerebral metabolic demands (CBF matched to CMRO2, OER normal). In this situation less than half of the oxygen delivered to the brain is being extracted and metabolised. Any increase of blood flow would therefore be superfluous unless there was a concomitant rise of cerebral oxygen demand. Since pre-operative metabolic activity was not constrained by a lack of oxygen supply, and blood flow is normally coupled closely to metabolic demand,3436 neither CMRO2 nor CBF would be expected to rise in response to improved collateral blood supply. The finding in many preoperative studies of a modest, matched reduction of CBF and CMRO2, with less than 50% of available oxygen being extracted, implied that a minor degree of irreversible ischaemic damage had occurred in these patients.36 Consistent with this interpretation was the fact that CMRO2 remained unchanged (or actually fell) after surgery in eleven of the twelve patients. The exception to this was the single patient (case 1) in whom there was a matched increase of both CMRO2 and CBF at the time of the follow-up study. An associated rise of CBV suggested that this was a genuine physiological change rather than a technical error, for example in the CBF measurement. Since the preoperative values were not unduly low and OER was normal, it is difficult to attribute the metabolic change in this patient to an effect of surgical revascularisation. A similar degree of variation in both CMRO2 and CBF is occasionally seen in normal subjects studied serially.163442 Although one recent study has shown substantial increases of CMRO2 after bypass surgery,48 this unexpected finding has not been observed by others.1649
The finding of normal fractional oxygen extraction implies that cerebral perfusion pressure remains within the range of effective autoregulation, since blood flow is still appropriately matched to cerebral oxygen requirements.3637 When CBF becomes inappropriately low in relation to CMRO2, it can be assumed that local perfusion pressure has fallen below the autoregulatory range, at which point oxygen delivery to the tissues is maintained by a compensatory rise of OER.36 This critical situation has been shown to be reversible by successful EC-IC bypass surgery,16 25 as was the case in one of our patients (case 9). However, the two patients in our series who were most in need of increased blood flow both developed cerebral infarction, one during the immediate pre-operative period (case 8) and the other at the time of surgery (case 4). The occurrence of a peri-operative stroke in the latter case highlights a clinical dilemma which also arises in relation to carotid endarterectomy: those patients with most to gain from surgery are also likely to carry the highest operative risk. Others have also observed that early postoperative ischaemic events occur most often in patients with unstable neurological symptoms prior to bypass surgery, and that these episodes may sometimes be attributable to variations of arterial blood pressure.46 A more unusual complication in patients with critically reduced cerebral perfusion pressure is the development of reperfusion haemorrhage after bypass surgery 46 50 51 The most striking observation in this study was the post-operative fall of cerebral blood volume in almost every case. Interpretation of CBV changes is not straightforward, since a large proportion of the blood volume compartment is made up by the venous side of the circulation. Nevertheless, experimental studies have shown that the CBV tends to rise as perfusion pressure falls,52 53 and several clinical studies have demonstrated focal elevation of CBV in the presence of occlusive vascular lesions.3637 54 Although this phenomenon may be partly attributed to compensatory vasodilatation in arteriolar resistance vessels as perfusion pressure falls,36 37 52 55 this is unlikely to be the sole explanation.36 Additional factors may include an associated dilatation of superficial cerebral veins, which has been shown experimentally, and some degree of capillary dilatation or recruitment.
Also, when blood volume is measured with a red cell tracer, as in this study, the relatively small change of CBV due to arteriolar dilatation may be somewhat amplified as a result of an associated rise in cerebral haematocrit within the region of vasodilatation.59 60 In a previous study of patients with carotid artery disease, the degree of elevation of CBV was found to correlate with the extent of occlusive disease as judged by angiography.36 This is consistent with the finding that direct measurements of cerebral perfusion pressure show substantially lower values in patients with bilateral carotid occlusion than in those with unilateral lesions. 19 The fall of previously elevated regional CBV after bypass surgery suggests that although blood flow remained unchanged in most of 148 these patients, the procedure had produced a rise of local cerebral perfusion pressure. It was of interest in this respect that the most marked post-operative falls of CBV occurred in patients with bilateral carotid occlusion and in those with posturally induced TIAs. In three patients with bilateral occlusive disease there was also a substantial fall of CBV in the contralateral hemisphere, consistent with improvement of collateral reserve in both carotid territories. Similar bilateral changes have been observed within a few days of surgery in patients undergoing endarterectomy of a severely stenosed carotid artery in the presence of a contralateral occlusion (Gibbs et al, unpublished observations).
For reasons discussed previously,36 the ratio of CBF/CBV is likely to provide a more reliable index of prevailing perfusion pressure than either CBF or CBV taken alone. Consideration of this ratio was to some extent superfluous for comparison of the serial studies presented here, since the trend in almost all patients consisted of a fall of CBV without any change of CBF. Nevertheless, it was of interest that the CBF/CBV ratio rose after surgery in every single case, including the patient in whom there was a post-operative rise of CBV. Also, an increase of CBF/CBV was the only statistically significant change observed in the hemisphere contralateral to the bypass (p < 0 05, fig 3) . This supports the view that combined analysis of blood flow and blood volume may be a useful approach when studying patients with less elaborate techniques than PET. 36 A 60 61 It is not possible to draw any conclusions about the clinical efficacy of bypass surgery from the study of twelve patients. The only notable trend was observed in the three patients with orthostatic hemispheric TIAs (cases 6, 10 and 11), all of whom reported cessation or marked reduction in the frequency of their attacks in the weeks following surgery. This symptomatic improvement in the early post-operative period suggests that the striking fall of CBV in these patients was due to the bypass procedure itself, rather than to spontaneous improvement of collateral supply. However, this issue could only be clarified with certainty by serial studies in a comparable group of patients who were not subjected to surgery.
The main points emerging from this study can be summarised as follows. Haemodynamic measurements confim that in some patients with occlusive carotid artery disease, there is evidence of critically reduced cerebral perfusion pressure. This situation arises most often in patients with bilateral occlusive lesions, and is usually associated with characteristic clinical features of a critical haemodynamic state. Cerebral blood flow is rarely increased after EC-IC bypass surgery but a post-operative fall of cerebral blood volume is consistent with improvement of cerebral perfusion pressure as a result of the procedure. Measurement of regional CO2 reactivity should be an equally satisfactory method for assessment ofcerebral circulatory reserve. Although the greatest haemodynamic improvement after bypass surgery is observed in patients with most abnormal preoperative findings, those same patients are also likely to have the highest risk of peri-operative cerebral infarction. The disappointingly high incidence of operative stroke reported by the International Study22 would certainly be consistent with this view.
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